Abstract. In Mexico, mosquito vector-borne diseases are of public health concern as a result of their impact on human morbidity and mortality. The use of insecticides against adult mosquitoes is one of the most common ways of controlling mosquito population densities. However, the use of these compounds has resulted in the development of insecticide resistance. The aim of this study was to estimate susceptibility to six pyrethroids, two carbamates and two organophosphates in Mexican populations of Stegomyia aegypti (Linnaeus, 1762) (= Aedes aegypti) (Diptera: Culicidae) mosquitoes. Bottle insecticide susceptibility tests, with 1 h exposure, were performed on adult mosquitoes from 75 localities across 28 states. At 30 min of exposure, the proportion of fallen mosquitoes was recorded. After 60 min of exposure, mosquitoes were recovered in non-treated containers and mortality was determined at 24 h after the set-up of the experiment. In general, the carbamate insecticides represented the most effective group in terms of the proportion of mosquitoes fallen at 30 min (72-100%) and 24-h mortality (97-100%). High and widespread resistance to pyrethroids Types I and II and, to a lesser extent, to organophosphates was observed. Insecticide susceptibility among and within states was highly variable.
Introduction
Mosquito vector-borne diseases (VBDs), such as dengue, Chikungunya and Zika fevers, are of great public health concern in Latin America. Zika fever outbreaks have overburdened human health care systems because of high levels of associated morbidity and possible associations with increasing numbers of cases of fetal microcephaly (Cordeiro et al., 2016) and Guillain-Barré syndrome in adults (Cao-Lormeau et al., 2016) . The Stegomyia spp. (= Aedes spp.) mosquitoes are the main vectors of these diseases and hence strategies to reduce the transmission of disease rely on effective actions against mosquitoes (Townson et al., 2005) . In Mexico, the most common method of control refers to the use of conventional (pyrethroids, carbamates and organophosphates) insecticides. However, selection for traits that allow mosquitoes to survive insecticide exposure contribute to field application failures (Hemingway & Ranson, 2000) .
Mexican public health programmes used insecticides, mostly temephos (against larvae) and permethrin against adults, for more than two decades. Despite this use, incidences of dengue fever increased 24-fold over the 12 years to 2013 (Secretaría de Salud de México, 2013) . It is possible that growing insecticide resistance has been a factor (but not the only factor) in facilitating high densities of mosquitoes. Rapid rises in the frequency of pyrethroid-resistant alleles (mainly Ile1016 and Cys1534 at the sodium channel gene mutations) have been detected in Mexican populations of S. aegypti (Flores et al., 2006; Saavedra-Rodriguez et al., 2007 Ponce-García et al., 2009; Siller et al., 2011; Aponte et al., 2013; Chino-Cantor et al., 2014; Vera-Maloof et al., 2015; Deming et al., 2016) . Cross-resistance to some insecticides has also been noted in localities in which these insecticides have not been used but others have . Additionally, low levels of resistance to organophosphates have been documented (Lopez et al., 2014) .
The observed levels of insecticide resistance, the rise in the number of dengue cases and recent incidences of diseases caused by the Chikungunya and Zika viruses have caused the Mexican Ministry of Health to consider S. aegypti and Stegomyia albopicta (Skuse, 1894) (= Aedes albopictus) as pests of high priority. Recently, Phase III trials of a dengue vaccine (CYD-TDV) were completed and the vaccine was approved for use in Mexico (Villar et al., 2014) . However, its efficacy is not 100% (Hadinegoro et al., 2015; Hernández-Ávila et al., 2016) . Therefore, spatial and residual insecticide spraying activities against these pests will continue.
Surveillance for insecticide susceptibility among Mexican mosquito populations in areas in which the dengue, Chikungunya and Zika viruses affect human health is essential for developing appropriate control measures. According to current Mexican government policy (NOM-032-SSA2-2014), the chemical combat of S. aegypti must be supported by the use of effective authorized insecticides. The aim of this study was to perform a nationwide assessment of current levels of resistance to organophosphate, carbamate and pyrethroid insecticides in Mexican populations of S. aegypti.
Materials and methods

Mosquito collections
The study was carried out in 75 localities across 28 states (Table 1) . The populations sampled were sourced from places with high intensities of insecticide use and significant incidences of dengue fever. Egg samples of mosquitoes were collected using Centers for Disease Control (CDC) ovitraps. Collections were conducted during the first semester of 2016. Ovitrap surveys are common practice at all localities and generally cover 10-15% of city blocks. Surveys are performed according to the routine policies of the Mexican Vector Control Programme [Centro Nacional de Programas Preventivos y Control de Enfermedades (CENAPRECE), 2016]. Clutches of eggs attached to wooden paddles (that serve as substrate for mosquito oviposition) were collected and transported to the laboratory to obtain the generation (F 1 ) required for bioassays. Because of low levels of successful egg hatching, assays were conducted in collections of parental mosquitoes in Sinaloa, Baja California Norte and Baja California Sur.
The main goal of the present study was to survey levels of resistance at three localities in each of the 32 states of Mexico. Unfortunately, it proved impossible to perform bioassays in samples collected in four states (Zacatecas, Mexico City, Tlaxcala and Oaxaca) (Fig. 1 ) and in some localities in various other states (Table 1) . For Zacatecas and Oaxaca, it was not possible to establish colonies because the collected eggs failed to hatch. In addition, mosquito collections from Tlaxcala and Mexico City were not available because there is no current endemic presence of S. aegypti in these states.
Bottle bioassay
The bottle bioassay protocol (Centers for Disease Control and Prevention, 2010) was used to assess the effects of 12 insecticides across four chemical groups (pyrethroids Types I and II, organophosphates and carbamates) ( Table 2) . Technical-grade insecticides were diluted in acetone to obtain CDC diagnostic doses at concentrations of 1-85 μg/bottle (Table 2) . One millilitre of each diagnostic dose was used to coat 250-mL Wheaton bottles. Untreated controls consisted of bottles coated with 1 mL of acetone. All insecticides were supplied by Chem Service, Inc. (West Chester, PA, U.S.A.). As this study represents a starting point from which to generate national baseline information on resistance/susceptibility status, the diagnostic doses used were based on CDC reference doses or those used in previously published studies (Table 2) . Because published diagnostic doses of -cypermethrin and propoxur are lacking or are not listed in the CDC reference table, -cypermethrin was applied at the same dose as deltamethrin, and propoxur at the diagnostic dose indicated by the CDC for bendiocarb. A reference susceptible strain was not used in this study. Twenty-five female mosquitoes (aged 3 days) were used per bottle. Each insecticide test was assessed in four replicates, plus an untreated control, per locality. Numbers of fallen mosquitoes were recorded at different time intervals (0, 10, 20, 30, 40, 50 and 60 min) . After 60 min of exposure, mosquitoes were transferred to untreated holding cups and maintained on ad libitum sucrose solution. Then, mortality was recorded at 24 h after the set-up of the experiment. The experimental units were maintained at 25 ± 2 ∘ C, 70-80% relative humidity and under a photoperiod of LD 12 : 12 h.
Data interpretation and statistical analysis
The criteria established by the World Health Organization (WHO, 2013a) and Mexican regulation (NOM-032-SSA2-2014) were used to determine if a given population displayed resistance. The following parameters were used to assess levels of resistance at 30 min (as recommended by the CDC) of exposure and after the 24-h recovery period (as recommended by the WHO): mortality of > 0.97 indicated full susceptibility to the insecticide; mortality of 0.90-0.97 indicated probable resistance in the evaluated population (i.e. suggestive of resistance), and mortality of < 0.90 indicated that the population was resistant to the tested insecticide. Responses were calculated according to the number of fallen mosquitoes (at 30 min of exposure) or dead mosquitoes (24-h mortality) divided by the total number of mosquitoes assayed. Kruskall-Wallis H tests were performed using statistica Version 7.0 (StatSoft, Inc., Tulsa, OK, U.S.A.) to compare the effects of insecticides among states (at 30 min of exposure and after the 24-h recovery period).
For an indirect determination of cross-resistance, non-parametric Spearman's rank correlations were calculated using jmp Version 6.0 (SAS Institute, Inc., Cary, NC, U.S.A.) to assess associations among the proportions of mosquitoes surviving each insecticide. For the analysis, the proportion of fallen mosquitoes from all localities assayed was used. In all analyses, the level of significance was set at a P-value of ≤ 0.05.
Results
Type I pyrethroids
Stegomyia aegypti exhibited variable high and low proportions (resistance) of fallen and dead mosquitoes at 30 min of exposure (CDC diagnostic time) to Type I pyrethroids ( Fig. 2A ; Table S1 , online). For all Type I pyrethroids, differences among states in the proportion of fallen mosquitoes were observed (P < 0.0001) ( Table 3) . Stegomyia aegypti displayed the highest levels of resistance to bifenthrin and -phenothrin ( Fig. 3) . At 24 h after the set-up of the experiment, susceptibility and possible resistance to permethrin only were observed in samples representing collections from Guerrero, Yucatán, Hidalgo, Tamaulipas and Chiapas ( Fig. 3C ; Table S2, online; Fig. S1A -C, online). Differences among states in the proportions of fallen mosquitoes were observed (P < 0.0001) ( Table 3) .
Type II pyrethroids
Low proportions of fallen and dead mosquitoes were observed after exposure to Type II pyrethroids (Fig. 2B , Table S1 ). At 30 min of exposure to -cypermethrin, susceptibility was detected in populations from the states of Hidalgo, San Luis Potosi, Tamaulipas and Chiapas (Fig. 4A ). Suggested resistance was observed in samples representing collections from nine states (Veracruz, Puebla, Yucatán, Colima, Aguascalientes, Sonora, Tabasco, Morelos and Sinaloa). Samples from the remaining states showed resistance to this insecticide. Susceptibility to deltamethrin was observed only in samples from Hidalgo and Tamaulipas, whereas the populations from San Luis Potosi, Colima and Puebla showed probable resistance ( Fig. 4B ; Table S3 , online). Susceptibility to -cyhalothrin was detected Table S3 ; Fig. S2A -C, online). For the three Type II pyrethroids, differences among states in the proportions of fallen mosquitoes at 30 min and at 24 h after exposure were observed (P < 0.0001) ( Table 3) .
Carbamates
High proportions of fallen and dead mosquitoes were generally observed after exposure to carbamates (Fig. 2C , Table S1 ). At 30 min of exposure to bendiocarb, populations representing 23 states were found to be susceptible, samples representing two states (Coahuila and Nayarit) demonstrated probable resistance, and only populations from Durango (0.87) and Nuevo Leon (0.72) indicated resistance. Assays using propoxur demonstrated susceptibility in populations from 22 states, probable resistance in samples from two states (Chiapas and Chihuahua), and resistance in only samples from Quintana Roo (0.84) and Durango (0.87) ( Fig. 5A, B ; Table S4 , online). At 24 h after exposure, populations from all the evaluated states showed susceptibility to both carbamates (Fig. S3A, B, online) . Bendiocarb was the only insecticide able to induce the same proportion of dead mosquitoes across states (H = 16.49, P = 0.85) ( Table 3) .
Organophosphates
Samples exposed to organophosphates showed low proportions of fallen and dead mosquitoes (Fig. 2D , Table S1 ). At 30 min of exposure to chlorpyrifos, samples from Campeche, Guanajuato, Michoacán and Yucatán were the only populations to show susceptibility. Suggested resistance was observed in samples from Colima, Quintana Roo, Queretaro and Morelos ( Fig. 6A ; Table S5 , online). After exposure to malathion, samples representing eight states (Colima, Yucatán, Campeche, San Luis Potosí, Tamaulipas, Quintana Roo, Guanajuato and Hidalgo) showed susceptibility and samples from three states (Guerrero, Sinaloa, Puebla) showed probable resistance (Fig. 6B) . High levels of variance among states and within states were detected (Table S1D) . At 24 h after insecticide exposure, the number of susceptible populations increased for both insecticides ( Fig. 6A, B ; Table S5 ). Nayarit was the only state in which the population proved resistant to chlorpyrifos (0.46). Nuevo Leon was the only state in which the population proved resistant to malathion (0.84) (Fig. S4A, B, online) . Among states, differences in the proportions of fallen mosquitoes at 30 min and 24 h after exposure were observed (P < 0.0001) ( Table 3) .
The correlation analysis showed positive and negative correlations among insecticides at 30 min after exposure (Table 4) . Positive correlations between Types I and II pyrethroids and carbamates were observed. Interestingly, at 24 h after exposure, low numbers of correlations were detected (Table 4) . 
Discussion
The use of the bottle method allowed local levels of susceptibility in S. aegypti in 28 states of Mexico to be established. The present study demonstrates the occurrence of a general susceptibility to carbamates in populations of S. aegypti in Mexico. Concurrently, the study findings show low susceptibility to pyrethroids (Types I and II) and, to a lesser extent, to organophosphates. The resistance found in this study is concordant with the consistent presence of biochemical insecticide resistance mechanisms and mutations associated with the conferral of low susceptibility to Type I pyrethroids that have already been documented in several states in Mexico (e.g. Flores et al., 2005 Flores et al., , 2006 Ponce-García et al., 2009; Siller et al., 2011; Aponte et al., 2013; Vera-Maloof et al., 2015) . Furthermore, resistance to permethrin was observed in regions in which its use was uncommon (Aguascalientes, Queretaro, San Luis Potosi), which suggests that mechanisms conferring resistance may be present in these localities.
Reduced sensitivity to pyrethroids is common in Mexico. However, some differences have been observed among studies. For example, in 2013, moderate resistance to -phenothrin and low levels of resistance to permethrin and bifenthrin were reported in Veracruz . In the present study, all samples from localities in Veracruz showed full resistance to -phenothrin, bifenthrin and permethrin. For Type I and II pyrethroids, levels of insecticide susceptibility, suggested resistance and susceptibility status varied the most among (and within) states. Population genetic studies of S. aegypti showed that gene flow among Mexican populations varies by region and populations are genetically isolated by distance (García-Franco et al., 2002 ; Gorrochotegui-Escalante et al. (2000) suggested that over short distances (90-250 km) among localities, populations may remain genetically uniform, but populations separated by distances of 250 km or more may differ in the frequencies and types of alleles that confer insecticide resistance.
et al., 2002). Gorrochotegui-Escalante
Massive use of pyrethroids, mainly permethrin, in Mexico ended in 2010. As proposed by Ponce-García et al. (2009) , the present authors expect that in the absence of pyrethroid (Types I and II) use, susceptibility to these insecticides could be recovered. However, in the current study, susceptibility was low and not widespread in all states. The present group is aware that it is difficult to explain the mechanisms responsible for the observed resistance using the current data. However, it has been determined that low susceptibility may be associated with genetic and physiological modifications that result in an enhanced degradation or sequestration of insecticide molecules, as well as modification to the insecticide target site, which limits or prevents the lethal effect of the insecticide (Labbe et al., 2011) . Evolutionary models have proposed that new traits undergoing directional selection in an organism are severely limited by pleiotropy and its negative effects on fitness (Otto, 2004) . Therefore, in the absence of insecticide, a loss of resistant alleles should be observed. For many years, the WHO recommended this class of insecticide for larval control, indoor and outdoor thermal fogging and space spraying, and continued use (at low levels) for the treatment of bednets (WHO, 2013b) and indoor residual spraying with aerosol cans by household occupants. In these contexts, mosquitoes may encounter low levels of insecticides that are inadequate to kill them. Therefore, it may be possible that S. aegypti mosquitoes have developed and maintained resistance to pyrethroids throughout Mexico and Latin America (Rodríguez et al., 2007) . The mechanisms behind the development of pyrethroid resistance in the localities studied herein require further research. Organophosphates are routinely used for vector control and the resistance in some states found in this and other studies (Georghiou et al., 1987; Lopez et al., 2014; Deming et al., 2016) may be a consequence of the intensive use of these insecticides. The present results are highly informative in that they indicate that any control interventions implemented must be state-specific. Therefore, it is important to note that the susceptibility observed in one state cannot be assumed for another state.
Cross-resistance among pyrethroid molecules has also been documented in Mexico . The present study found correlations among insecticides belonging to different classes. Given that genetic resistance mechanisms do not apply across insecticide classes and in view of the recent use of carbamates and organophosphates for spatial vector Table 3 . Differences among states in proportions of fallen mosquitoes (Kruskall-Wallis test with the associated degrees of freedom and total n in parenthesis) exposed to Type I pyrethroids, Type II pyrethroids, carbamates and organophosphates.
30-min reading 24-h mortality
Bifenthrin H (25, 280) = 111.9532, P = 0.000 H (25, 280) = 185.3242, P = 0.000 -phenothrin H (24, 276) = 145.3962, P = 0.000 H (24, 276) = 161.3314, P = 0.000 Permethrin H (25, 288) = 128.7911, P = 0.000 H (25, 288) = 181.3981, P = 0.000 -cypermethrin H (27, 300) = 142.1118, P = 0.000 H (27, 300) = 210.3078, P = 0.000 Deltamethrin H (24, 275) = 153.5492, P = 0.000 H (24, 275) = 232.6560, P = 0.000 -cyhalothrin H (24, 272) = 198.6663, P = 0.000 H (24, 272) = 199.4255, P = 0.000 Bendiocarb H (24, 276) = 118.9758, P = 0.000 H (24, 276) = 16.49, P = 0.85 Propoxur H (25, 280) = 142.4985, P = 0.000 H (25, 280) = 65.73, P = 0.000 Chlorpyrifos H (24, 272) = 189.0368, P = 0.000 H (24, 272) = 146.8055, P = 0.000 Malathion H (24, 276) = 193.0313, P = 0.000 H (24, 276) = 74.88310, P = 0.000 control, overall negative correlations among insecticide classes were anticipated in the present study. Nevertheless, metabolic cross-resistance among insecticide classes has been observed (Rodríguez et al., 2002; Labbe et al., 2011) and may confer resistance. This may partially explain the observed resistance to organophosphates. The loss of correlations at 24 h after exposure could be related to the upregulation or overexpression of a detoxifying mechanism by that time. The characterization of genetic and enzymatic mechanisms will help to explain the resistance patterns observed. Despite the observed susceptibility to carbamates and, to a lesser extent, to organophosphates, differences among states and among sites within states were detected. As the findings of this study are intended to provide a starting point from which to generate national baseline resistance/susceptibility status information using the WHO criteria for resistance, it is important to note that its results indicate that local differences must be taken into consideration in plans for resistance management and generalization (at state or country level) should be avoided. The choice of sites must be carefully planned to cover different geographic and epidemiological contexts.
It is worth mentioning that coated bottles were used because WHO insecticide-impregnated filter papers are sometimes not available and bottle assays are less expensive and bottles can be re-used if they are properly washed. However, the present study followed WHO guidelines (60 min of exposure and 24-h mortality record). The diagnostic time defined by the CDC is designed to determine if a dose of an insecticide can control a vector at a specific location at a given time, and the 24-h mortality record can also give relevant information on insecticide resistance (Owusu et al., 2015) . This is important because metabolic detoxification resistance causing knock-down recovery has been observed (Alvarez et al., 2013; Owusu et al., 2015) . Consequently, it is possible that knock-down rates at 30 min may be overestimated. For these reasons, both records, at 30 min of exposure and 24 h after exposure, were reported. Information on diagnostic doses must be obtained in order to keep track of insecticide resistance in different localities and states. The next and important step in the development of a vector control programme is to determine the diagnostic doses for each insecticide using each local strain. World Health Organization and CDC bioassays can be complementary methods that provide similar results (Aïzoun et al., 2013) . However, in further studies using the bottle assay, the CDC's strict criterion for resistance at 30 min and the WHO's criterion at 24 h after exposure should be reported.
Conclusions
This national insecticide susceptibility assay presented here is part of an integrated effort by the Ministry of Health of Mexico to monitor insecticide resistance in S. aegypti. This effort is driven by observations of the emergence (and re-emergence) and spread across the country of VBD epidemics, despite control efforts. The use of insecticides, as a complementary strategy, in the control of VBDs in Mexico will continue. In order to achieve a rational use of insecticides, Mexican control programmes adopted a functional criterion for the evaluation of resistance in Stegomyia spp. populations. This criterion considers that resistance to insecticides must be lacking. Consequently, access to regular insecticide resistance monitoring data is now essential to the scheduling of interventions and such data can be used to confirm sustainability and effectiveness. Furthermore, it is necessary to establish specific diagnostic doses and to determine the period required to effectively implement insecticide substitutions in localities in which VBDs are endemic.
Data on insecticide susceptibility must be integrated into the decision-making process in order to achieve an optimal response to the local (or region-specific) situation. In Mexico, the use of pyrethroids and organophosphates must be constrained and these products should be used only in localities in which there is no resistance in order to allow mosquito populations to become susceptible again. However, the use of carbamates may remain an optional strategy in mosquito population control. The rotation of insecticidal compounds that have different modes of action must be adopted as a common strategy.
Through the Mexican specialized bioassay units, the Mexican Ministry of Health is now planning to characterize and elucidate the dynamics of insecticide resistance and potential related mechanisms. This task is part of an integrated and effective longterm national surveillance system for the improvement of programmatic decision-making policies.
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Additional Supporting Information may be found in the online version of this article under the DOI reference: DOI: 10.1111/mve.12281 Table S1 . Mean ± standard deviation proportions of fallen mosquitoes from all localities in the 28 states assayed against 10 insecticides. Susceptibility is indicated by mortality in the range of 0.97-1. Probable resistance (i.e. suggestive of resistance) is indicated by mortality of 0.90-0.97. Resistance is indicated by mortality of < 0.90. Table S2 . Proportions of fallen mosquitoes exposed to Type I pyrethroids at 24 h post-exposure. Probable resistance (i.e. suggestive of resistance) is indicated by mortality of 0.90-0.97. Samples from all states showed resistance to bifenthrin and -phenothrin at 30 min and 24 h. 
